Understanding the ionizing spectrum of low-metallicity galaxies is of great importance for modeling and interpreting emission line observations of early/distant galaxies.
The nebular He ii problem
Nebular He ii λ4686 emission in optical spectra of nearby sources has been discovered in the late 1980ies (see e.g. Pakull & Angebault(1986) , Garnett et al.(1991) ). Except for planetary nebulae (PN), where such emission is quite common, such objects are very rare in the local group, and the sources known then cover a diversity of objects, including a Wolf-Rayet star, a O type, a massive binary system, and one X-ray source (Garnett et al.(1991) ). Since their discovery, the origin of this He ii emission has been puzzling. Only stars with very high effective temperatures T eff > ∼ 80 − 100 kK emit non-negligible amounts of He + ionizing photons above 54 eV (e.g. Schaerer(2002) ), and because such temperatures are only reached in very peculiar evolutionary phases (e.g., in the WR or PN phase).
Zooming out of the local group, large numbers of star-forming galaxies showing nebular He ii emission have been found, and these high-ionization lines are also present in AGN. E.g. using the Sloan survey, Shirazi & Brinchmann(2012) have found 2865 galaxies with nebular He ii. Excluding AGN, they have ∼ 200 star-forming galaxies, some of them showing also the presence of broad emission lines, indicative of WR stars, in 2 D. Schaerer et al. these galaxies. Since "normal" stars should be the most numerous ones in star-forming regions/galaxies, and their UV/ionizing spectra are expected to be dominated by massive stars, very hot stars (cf. above) are at best very rare in these objects. Therefore no or very weak nebular He ii is expected in general. In Figure 1 we show a compilation of more than 1400 star-forming galaxies or regions thereof showing nebular He ii emission from Izotov et al.(2016) . This sample reprensents a significant jump in statistics. They are selected based on the quality of the spectra, allowing direct metallicity determinations via the auroral line method. Active galaxies are excluded based on BPT diagrams.
Nebular He ii emission traced by the UV He ii λ1640 line has also been observed in significant numbers of galaxies, some at low redshift and more at high-z (e.g. Cassata et al.(2013) , Berg et al.(2018) , Nanayakkara et al. (2019) ). The same trend of increasing frequency and strength of nebular He ii λ1640 with decreasing metallicity seems to be observed (Senchyna et al. (2017) ), as for the optical line. This is expected since the He ii lines are recombination lines from a simple hydrogenic atom, whose relative strengths between the UV and optical lines are to first order determined by atomic properties.
Since the discovery of He ii emitters, other sources and processes that could emit more energetic photons than stellar sources have been suggested. These include X-ray binaries (XRBs), photoionization by X-rays, and strong shocks (see e.g. Pakull & Angebault(1986) , Garnett et al.(1991) , Thuan & Izotov(2005) , Kehrig et al.(2015) ). Other studies have explored if rotation and binarity could significantly alter the evolution of massive stars and create sufficiently hot stars and hence a harder ionizing spectrum (e.g. Szécsi, et al. (2015) , Götberg et al.(2018) ). None of them has so far been able to quantitatively explain the observed intensity of the He ii emission in low-metallicity galaxies. For example, the latest BPASS binary population and synthesis models underpredict the observed He ii λ4686/Hβ intensities by ∼one order of magnitude, as shown in Fig. 2 (right) . Shocks and X-rays seem to be able to explain specific cases, but appear insufficient in others (see above references). However, no predictive model that would allow linking shock models to other galaxy properties exists, and especially it is unclear how shocks would reproduce the trends of He ii intensity with metallicity ( Fig. 1) . In short, the He ii problem remains overall an unsolved problem calling for new/different approaches.
A fresh look at the He ii problem -empirical results
The literature on X-ray emission in and from star-forming galaxies (SFGs) provides interesting insights, which could help understand the nature of He ii emission. Indeed, the observations show overall the following picture (e.g. Mineo et al. (2012) , Douna et al.(2015) , Brorby et al.(2016) ):
(a) First, the X-ray emission of SFGs is dominated by point-like sources, whose luminosity follows a power-law, including ultra-luminous X-ray sources (ULX) at the bright end (L X > 10 40 erg s −1 ), high-mass X-ray binaries (HMXBs) and others.
(b) The total (spatially integrated) X-ray luminosity correlates to first order with the total star formation rate (SFR).
(c) There is an excess of X-ray emission per unit SFR, L X /SFR, at low metallicity. (d) The observed scatter in L X /SFR is due to stochasticity of the ULX+HMXB at the high luminosity end of the X-ray luminosity function, which dominates the integrated X-ray emission.
These empirical findings suggest that X-ray bright sources (ULX and/or HMXB) could naturally explain the observed trends of He ii emission, in particular the increase of He ii/Hβ with decreasing metallicity, for the following reasons and in the following way: First, the Hβ (or any other H recombination line) luminosity scales linearly with the SFR, i.e. L(Hβ)/SF R ≈ const. Second, assuming that bright X-ray sources emit a constant fraction of ionizing photons per X-ray luminosity above 54 eV, i.e. q = Q(He + )/L X , the number of He + ionizing photons per L X , is constant. Then the He ii line luminosity is proportional to L X , and the observed scaling of L X with SFR (point b) translates immediately to a relation between the He ii/Hβ line luminosities, hence also their relative intensity, which is the main observable. Finally, the observed increase of L X /SFR towards low metallicity (point c) implies that I(4686)/I(Hβ) increases with decreasing O/H, as observed (Fig. 1) . Furthermore, the observed scatter in L X /SFR (point d) would also lead to scatter in I(4686)/I(Hβ). This is in essence what could explain nebular He ii at low metallicity, the observed metallicity trend, and possibly also the scatter, as we proposed in Schaerer et al. (2019) .
To relate the observed trends of nebular He ii with X-ray emission, we basically have to make only a single assumption, namely that He ii emission originates from or is related to the bright sources which dominate in X-rays, i.e. ULX and/or HMBX. In fact, this assumption appears very reasonable and is supported by some empirical evidence. Indeed He ii emission has been observed in several ULX and bright HMXB nebulae (e.g. Kaaret & Corbel (2009 ), Pakull & Mirioni (2012 ). Furthermore such sources are present in SFGs, and they significantly modifiy the ionizing spectrum (and hence affect certain emission lines), as shown e.g. in the very detailed study of the metal-poor He ii emitting galaxy I Zw 18 by Lebouteiller et al.(2017) . Indeed in this galaxy, Chandra observations have shown the presence of a ULX and demonstrated that it is located in the main Hii region (NW region), where the bulk of He ii emission originates from. This strongly supports a physical connection between bright X-ray sources and nebular He ii. This finding, is also confirmed by a new study of Heap et al.(2019) , who also show that a well-motivated ULX spectral model is able to quantitatively explain the He ii intensity in I Zw 18.
In Schaerer et al. (2019) we have used the observed X-ray and He ii λ4686 line luminosities of I Zw 18 to empirically derive q = Q(He + )/L X = (1.0 − 3.4) × 10 10 photon/erg and adopt a "typical" value of q = 2×10 10 photon/erg. Predicted I(4686)/I(Hβ) relative intensities obtained using this simple approach are plotted in Fig. 2 . They show that the observations can be reproduced approximately with these simple assumptions. 
Synthetic models including He ii emission from X-ray binaries
To go beyond the simple empirical attempt, we have combined X-ray binaries (XRB) population synthesis models with models describing spectral evolution of "normal" stellar populations. The main results, taken from Schaerer et al. (2019) , are shown in Fig. 2 .
Concretely, we have used models developed by Fragos et al. (2013ab) to study the cosmological evolution of XRB populations that were recently recalibrated to updated measurements of the cosmic star-formation history and metallicity evolution (Madau & Fragos(2017) . An important prediction of these models is the strong dependence of the XRB population on metallicity, both in terms of the formation efficiency of XRBs and the integrated X-ray luminosity of the whole population. This means that at low O/H more XRBs are predicted and their X-ray luminosity is higher. Therefore these XRB models predict a higher L X /SFR at low O/H, as shown by the observations discussed above (point c). Additionnaly, these models predict a strong dependence of L X on the age of the stellar population (see Schaerer et al. (2019) ).
To bracket a range of star formation histories, we have examined instantaneous bursts and constant SFR. The predicted I(4686)/I(Hβ) intensity are shown in Fig. 2 . They broadly cover the range of the observations, showing that our models can fairly well reproduce the observed I(4686)/I(Hβ), possibly with a superposition of populations.
As already mentioned, binary populations synthesis models such as BPASS do not predict sufficiently hard ionizing spectra to solve the He ii problem (cf. Fig. 2 ). This shows that even hot/rejuvenated stars, which are created through binary interactions, are not sufficient, and that other sources (e.g. HMBX and ULX) need to be included. The earlier synthesis models of Cervinõ et al. (2002) including X-rays have also failed in this respect, since they primarily include soft X-ray emission from stellar winds, supernovae, and their remnants.
Conclusions and outlook
Based on empirical X-ray data for star-forming galaxies showing a very similar behaviour of increasing L X /SF R as nebular He ii emission with metallicity ( Fig. 1) , on the observational finding of a ULX in the strong He ii λ4686 emitting galaxy I Zw 18, and on the detailed modeling of this galaxy by Lebouteiller et al.(2017) and Heap et al.(2019) , we have proposed that ULXs/HMXBs are the prime source of nebular He ii emission low metallicity SFGs. A simple quantitative model using both empirical data and recent Xray binary population synthesis models has recently been proposed by Schaerer et al. (2019) to solve the long-standing problem of nebular He ii emission.
Obviously further applications, and tests are welcome and required, and this model does not exclude the contribution from other processes to the observed He ii emission. For example, establishing observationally more firmly the correlation between X-ray and He ii emission, both on spatially resolved scales and in integrated populations, should be a useful test. It also needs to be worked out if/how much the high-energy emission affects other emission lines, also in relation with the apparent hardening of the SEDs at high-z inferred by several studies (see e.g. Stark (2016) ). In any case observations show that X-rays are ubiquitous in star-forming galaxies (even if weaker than in AGN), as discussed amply in the literature (cf. Sect. 1). Therefore, their effects on the SEDs need to be examined, a task which should be more important for high-z and low-metallicity galaxies, since HMXBs, ULXs, and their X-ray emission becomes stronger at low O/H.
